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Lig of Common Acronyms

CLIN
DVI
FASTER
FEA
FS
GVI
HFEC
MED
MOI
MSD
MWM
NDI
NDTM
NFOV
SB
SEM
SIF
WFD
WFOV
WL
WS

Contract Line Item Number
Detailed Visud Ingpection
Full-Scale Aircraft Structural Test Evauation and Research Facility
Finite Element Andyss
Fusdage Station (Aircraft Coordinate System)
Generd Visud Inspection
High+ Frequency Eddy Current
Multiple Element Damege
Magneto- Optica Imaging
Multiple Ste Damege
Meandering Wire Magnetometer (Emerging NDI Technology)
Non-Destructive Inspection
Non-Dedtructive Testing Manud
Narrow Fidd of View Camera, Remote Control Crack Monitoring System
Service Bulletin
Scanning Electron Microscopy
Stress Intengity Factor
Widespread Fatigue Damage
Wide Field of View Camera, Remote Control Crack Monitoring System
Water Line (Aircraft Coordinate System)
Wing Station (Aircraft Coordinate System)
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EXECUTIVE SUMMARY

This report supports Task 8 of FAA Contract DTFAQ03-02- C-00044, Development of Test Plan.

The Statement of Work requires that the Final Test Plan contain al of the information required to assure
successful test results. This Test Plan Andyss summarizes the andyss that forms the technical basis for

the Test Plans to dl four pandls.

This Test Flan Andlyss stidfies the ddliverable requirements CLIN 0002b.
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CHAPTER 1. INTRODUCTION AND SUMMARY
This report supports Task 8 of FAA Contract DTFAQ03-02- C-00044, Development of Test Plan.

The Statement of Work requires that the Find Test Plan contain al of the information required to assure
successful test results, including:

Overd| technical approaches

Scope and objectives of each mgor task area

Test operating pressure, hoop, axia, and frame loads and frequency
Visud ingpection and NDI requirements

Test schedule with Gantt chart showing al tasks and milestones
Pre-test predictions with anticipated number of cycles

Strain gauge layout and specifications

Engineering drawings of the test pandls

Data collection requirements

Responsibilities of each participating organization

This Test Flan Andyss summarizes the andlyss that forms the technical basis for the Test Plans for dll
four test pands. This Test Plan Andyss satiffies the ddiverable requirements for CLIN 0002b.
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CHAPTER 2. OVERALL TECHNICAL APPROACH

Test Objectives
The broad objectives of the FASTER testing listed in the contractud Statement of Work are:

Propagate and extrapol ate the state of damage beyond one DSG;

Characterize and document the state of damage through redl time NDI, high magnification visud
measurements, and post-test evauation of fracture surfaces,

correlate andys's methods to determine crack initiation and detection, firgt link-up and residua
drength.
In generd, the purpose of the FASTER tegting is to provide crack growth, NDI detection, and residua

drength empirical dataiin a controlled environment in support of these broad objectives. Towards that
end, the following objectives have been prescribed to the FASTER testing:

1) Advancethe state of damage from its current tate at one DSG cons stent with service damage
propagation

a) The damage of the most interest isthe MSD expected to occur in the S-4L lgp joint lower skin,
lower row. However, MSD/MED damage propagation in any of the WFD susceptible structures
isimportant to this objective. Therefore, damage propagation in the frames, stringers, and outer
skin must a'so be considered.

b) This objective requires that stress sate in the test panel match that seen in service as much as
practica within the limits of the FASTER facility. Theload spectrum to be gpplied during the test
has been developed using finite dement analysis (FEA) and crack growth smulation to produce
equivaent MSD crack propagation to an aircraft in service.

2) Document the state of damage throughout the test.

a) Documentation is required to maintain red-time awareness of the current state of damage, and to
provide empirica crack growth data to validate future andyses. Therefore, the test will be
paused at designated intervals to conduct the required inspections.

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT



ENGINEERING DEPARTMENT

SHEET 7 [NO.  4-087184-20
TOTAL 37

ISSUEDATE 03/24/04

b) In addition, documentation alows an opportunity to evaluate standard and emerging NDI

techniques on genuine propageating cracks.
3) Demondrate the Sate of damage at which regulatory resdua strength requirements are no longer

satidfied.

a) Thisobjectiveisto provide empirical data needed to vaidate analyss methods at and beyond first
MSD link-up.

b) To maximize the data collected, cyclic loading will continue after MSD link-up towards full pand
falure for aslong as practicd, within FASTER mechanicd limits.
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Test Phases
The test will be conducted in three phases.

Phase 1 runs from the beginning of the test until crack length can be rdiably measured, ether with NDI
or enhanced visud. The crack initiation and growth during Phase 1 will be representative of service, but
al rate measurements will be based on striation counts after teardown. NDI will be used to detect
MSD as early as possible during the test. The gpplied load spectrum will include under-load marker
bandsto assst in the striation counts.

Phase 2 runs from initid crack measurement until a predefined stop criteriaisreached. Thisphaseis
aso run under fatigue loads, with the stop criteria designed to stop damage propagation before the fina
damage scenario isreached. The primary objective of this phase is documentation of crack growth
digtribution and rates under fatigue loads, so visud and NDI ingpection will be more frequent than during
Phase 1. Since undetected small crackswill also be present, under-load marker bands will till be
included in the load spectrum.

The primary objective of Phase 3 isto determine the Sze and state of damage at which the resdud
srength requirements of 14 CFR 25.571 and JAR 25.571 can no longer be met. The gpplied test load
will be increased 0 that the critical condition is applied at every cycle. The damage configuration just
prior to failure should reflect avalid fina damage scenario for service arcraft. The crack growth rates
mesasured during Phase 3 will not be representative of service growth rates, but the deta from link-up to
pand falure can Hill be used to vaidate andyticd moddls. A marker band will separate Phases 2 and
3, but no marker cycles will be included in Phase 3.
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CHAPTER 3: DISCUSSION OF TEST PROCEDURES

Strain Gages

The FASTER data acquigition system alows for 64 data channels from al sensors, including strain
gages, displacement transducers, secondary load cells, and pressure sensorg1]. Previous tests for lap
joint MSD described in reference 1 used 52 channels for strain gage acquisition.

The gauge layouts for al pands are amilar to the layout for lgp joint cracks documented in Ref [1], with
the following differences

1) The percentage of load carried by the skin in B727 crown panelsis higher than in panels smilar to
Ref [1]. Therefore, the focus for strain gage placement is the lower skin, not the frames and

dringers.

2) Thecriticd areafor MSD in Ref [1] is the upper skin, so most skin rosettes were ingtaled there.
The critical MSD location for these pandsis the lower skin, so the focus for strain gage inddlationis
the lower skin just below the lap joint.

3) The crack location in Ref [1] was known in advance. These pandls were taken from service with
naturaly induced MSD, so the crack location is not precisely known and strain measurements must
be spread out over the entire primary test area.

4) Therewas not a circumferentia splice in the center of the Ref [1] lap joint pands. Although the lep
joint is consgdered more criticd for thistesting, severd strain gages are ingdled in the FS 680
crcumferentid splice on FT2. No gages are placed on the circumferentia splicesin FT3 and FT4.

In summary, the godss of the strain gage placement are:

1) Determine the gtrain state in the lower skin dong the lap joint, and measure variances in in-plane and

bending strains due to skin bulging, MSD crack propagation, and fastener eccentricity.
2) Determine how load is transferred from the lower skin acrossthe lap joint.
3) Veify that frame, skin, and stringer strains at the center of the pand are consistent with the applied

loads and boundary conditions.

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT



ENGINEERING DEPARTMENT

SHEET 10 [NO.  4-087184-20
TOTAL 37

ISSUEDATE 03/24/04

4) If cracking at the FS 680 circumferentia joint is detected, measure strains as necessary to determine
how load is transferred across the joint.

The gtrain gage placement is based in part on an anadlysis of MSD activity shown in Figure 1. Thisfigure
establishes the activity color code used in the panel gage drawingsin Figure 2 through Figure5 . These
gauge placements use 61 of the 64 dlowable data channels. The complete ingtdlation drawings have
been issued as separate Delta drawings.

To maximize data collection in the S-4 |gp joint, strain gages in the FS 680 circumferentid joint will be
ingtaled but not be dlocated a data channdl. 1 circumferentia joint cracking is detected, a data channel
will be re-alocated from another area that has not demonstrated crack initiation.
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Figure 7: Percent ol Holes Cracked. by Percent DSG
{Composite Inspection Data from 105 Aarplanes)

Figure 1: Service Lgp Joint Data from Ref [2]
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1) Most active frame bay (FS 640 - FS 660)
a) Lower skininner/outer rosettes at center bay
b) Lower skin inner/outer hoop gages at 1/4 and 3/4 bay
) Inner/outer hoop gages in the fastener pattern above the lower row
d) Upper skin inner/outer hoop at center bay
€) Longitudina axid gages on stringer center and flanges

2) Second active frame bay (FS 660 - FS 680)
a) Lower skin inner/outer rosette at center bay
b) Lower skin inner/outer hoop gages at 1/4 and 3/4
c) Upper skin inner/outer hoop at center bay

3) Leadt active frame bay (FS 680 - FS 700)
a) Inner/outer rosette at lower skin center bay
b) Upper skin inner/outer hoop at center bay

4) Hoop axid gages on skin, tearstrap, and frame chords (FS 640 and FS 660)

5) Longitudind axid gages at outer skin above S-5

6) Longitudind axid gages at fwd outer skin and splice, FS 680 buit splice (if butt splice MSD is
detected)

Figure 2: FT2 Srrain Gage Layout
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1) Mot active frame bay (FS 520 - FS 540)
a) Lower skin inner/outer rosettes at center bay
b) Lower skin inner/outer hoop gages at 1/4 and 3/4 bay
c) Inner/outer hoop gagesin the fastener pattern above the lower row
d) Upper skin inner/outer hoop at center bay
€) Longitudina axia gages on stringer center and flanges

2) Second active frame bays (FS 500 - FS 520, FS 540 - FS 560)
a) Lower skin inner/outer rosette at center bay
b) Lower skin inner/outer hoop gages a 1/4 and 3/4
c) Upper skin inner/outer hoop at center bay

3) Hoop axid gages on skin, tearstrap, and frame chords (FS 520 and FS 540)
4) Longitudinal axia gages at outer skin above S-5

Fgure 3: FT1 Strain Gage Layout
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1) Mot active frame bay (FS 720C - FS 720D)
a) Lower skininner/outer rosettes at center bay
b) Lower skininner/outer hoop gages at 1/4 and 3/4 bay
c) Inner/outer hoop gages in the fastener pattern above the lower row
d) Upper skin inner/outer hoop at center bay
€) Longitudina axid gages on stringer center and flanges
f) Hoop axiad gages on skin, tearstrap, and frame chords
2) Second active frame bays (FS 720D - FS 720F)
a) Lower skin inner/outer rosette at center bay
b) Lower skin inner/outer hoop gages a 1/4 and 3/4
c) Upper skin inner/outer hoop at center bay
3) Longitudind axid gages at outer skin above S5

Notes:
Skin tapers thicker towards FS 740
Heavy frame at FS 740 (at the wing front spar buckhead)

Fgure4: FT3 Strain Gage Layout
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1) Mot active frame bay (FS 1050 - FS 1070)

a) Lower skininner/outer rosettes at center bay

b) Lower skin inner/outer hoop gages at 1/4 and 3/4 bay

c) Upper skininner/outer hoop at center bay

d) Hoop axia gages on skin, tearstrap, and frame chords
2) Second active frame bay (FS 1030 - FS 1050)

a) Lower skininner/outer rosette at center bay

b) Lower skin inner/outer hoop gages at 1/4 and 3/4

c) Upper skin inner/outer hoop at center bay

d) Inner/outer hoop gages in the fastener pattern above the lower row
3) Longitudind axid gages at outer skin above S-5

Notes:

FT4 has shown less sarvice cracking than the forward fusdage

Door surround structure, FS 1010 joint, and the upper skin bonded doubler may affect strain results

MSD is most expected isin the aft bay, with 5/32 fasteners

The dtress gradient at the bonded doubler runout is not ided for strain gauges, so inter-fastener

gauges are placed in the center bay

Fgure 5: FT4 Strain Gage Layout
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Underload Marker Bands

A marker bands sequenceisincluded in Phase 1 and Phase 2 to improve the precision of the crack
growth history recongtruction. Implementation of an underload marker band is required by the project
Statement of Work, but no other details are specified.

The marker sequence chosenis the 6-4-10 Sequence shown in Figure 6. The figure shows that one of
three bands occurs every 1,000 cycles. The band is created through 100 cycle valeys of 75%
magnitude, separated by 10 cycles of 100% magnitude. Theidentifier 6-4-10 refersto the number of
digtinct valeys within one band.

This sequence was used successtully in the full-scale fatigue tests and fractography of Al 2024-T3 in Ref
[3], with good driation vishility reported. In addition, this sequence was implemented successfully in
previous FASTER testq4] with no reported difficulties.

A 10, 5x 10, 3x 10, 9x
Max. |
. HH H HH‘
100, 6X 3 | 100, 4 e 100, 10 P 3
1000 1000 1000 75%
Max.
Load
5.170 Total Cycles, R = 0.1 >
| | | | | | | | | | vl o
1000 2000 3000 4000 5000

Number of Cycles

Figure 6: 6-4-10 Underload Marker Band Sequence
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Non-Destructive | nspections

There are severd “ Standard NDI” ingpections (i.e., MFEC and HFEC) which will be conducted initialy
every 2500 cycles, or a each interna access opportunity. These ingpections will be conducted by
FAA-TC personne initidly, but taken over by Delta certified and quaified inspectors after 10,000
pressurization cycles during the first test. Thisisdueto the critica nature of determining the initia
detectability point. Future Test Plans could be changed, if the FAA Technica Center ingpectors are
shown to be “qudified” to perform a greater share of the ingpectionsin future tests.

There are saverd "Emerging NDT™ Techniques which will be used to ingpect the pands at 5,000 cycle
intervas after an initia ingpection at 10,000 total cycles. MOI, Turbo-MOI, MWM, Rivet Check and
GMR are emerging technol ogies which were selected from evauations of the Pre-Teardown
Inspections for use during FASTER testing. These technologies generdly provide better detectability
than the current AD mandated LFEC diding probe ingpection.

Ddtawill maintain respongbility for the NDT and will periodicaly assess the Sate of the ingpections.
Thiswill indude on-Ste assstance and advisement during the first Standard NDT Inspections.
Additiona or fewer vidits may be taken depending upon the state of the inspections, including the
comfort level of the FAA-TC inspectors. After 10,000 cycles, Deltawill take over the Standard NDT
Inspections from FAA-TC, a least for the firdt test pand (FT2).

Typica Industry Ingpector Qualifications
Severd Emerging NDT technologies will be examined during the program. Due to the unique nature of

these technologies, generdly only "Qudified and Certified" inspectors should conduct these "Emerging
NDT" ingpections. At aminimum, the ingpector should beaLeve 11 in Eddy Current, with aLeve 111
in Eddy Current is recommended. Generdly, aLevd | ingpector can only perform inspectionsin the
Boeing NDT manuds or aLevd 11 goproved written procedure, but guidance fromaLevd 1l or Leve
[11 isrecommended. The Emerging NDT Ingpections generdly requireaLevd |1 or 111 to perform the
ingpection to a satisfactory confidence level since adequate ingpection procedures have not been
established for aLeve | to follow.
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Levd 1-Specid isthe lowest certifiable Leve of an ingpector. Levd | Specid isonly a pecific
certification, with ingpectors only alowed to conduct the exact inspection for which they are trained.

However, industry standard documents, such as ASNT-TC-1A, CP-189, ATA 105, NAS 410, and
MIL-STD-410, dl contain requirements of at least 40 hours of classroom time followed by 210 OJT
hoursin that specific ingpection. To be certified to perform both the internal MFEC and external LFEC
diding probe ingpections, each individua would be required to have a 40 hour training course and 420
hours of OJT. Caertification to aLevel | would require even more hours of OJT, whileaLevd 11
catification would require additional OJT and classroom hours beyond Leve | certification.
Additiondly, the FAA has performed previous studies which have shown that recency of experience,
recency of training, and level of experience and training al have a significant impact of the detectability.

Training Course
Ddtataught an accelerated training course dong with assstance from FAA-AANC to the FAA-TC

inspectors in January 2004. 1t isestimated that approximatdy six weeks of training were taught in four
days consgting of gandard NDT, MO, RivetCheck, and Jentek MWM. Even though overwheming,
the FAA Technica Center inspectors performed very well, mastering the techniques to the satisfaction
of the ingtructors. Capabilities were demonstrated on al techniques both in the classroom table-top
arrangement aswdll as on the FASTER rig.

On January 26-28, 2004, Jentek delivered the MWM and provided atraining course. Training and
officia ddivery was arranged to coincide as close to the test Sart-date as possible. After initid set-up,
the MWM inspection was performed on the pand in the FASTER rig. Concerns about some strain
gauge positioning possibly interfering with the trolley footprint were aleviated as the ingpection was
performed satisfactorily. Since FT2 was not examined by Jentek in Atlanta during the evaluation of
Emerging NDT Techniquesin June due to contractud requirements (already in shop for modification),
this dso served asthe initid basdine. No indications were noted during these scans.

Classroom training for MWM entailed an overview of the MWM technology and how it differs from
conventiona eddy current, dong with discussions on how to maneuver through the software and how to

scan and processimages. All steps were followed by everyone in the room as the image from the
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computer was projected onto the screen. Next, a demonstration on how to perform the scans was
performed, using apiece of cracked lgp joint from Boeing. The remainder of the MWM training
session was dedicated to practicd training with FAA Technical Center inspectors separated into teams
of two. One team went to perform training on the FASTER rig, while the other team concentrated on

the table-top classroom ingtruction.

On January 29, MOI and Rivetcheck were taught by AANC at Sandia after argpid sesson on Eddy
Current Basicsand Theory. Deta'sLeve | refresher course was used during the instruction,
effectively compressing a40 hour course into two hours. Notebooks were provided for each
participant with al powerpoint dides, procedures, tips, and datasheets. MOI and RivetCheck were
taught for the balance of the day, with both table-top classroom ingtruction and FASTER rig location
used per Boeing 727 NDT Manual, Part 6, Chapter 51-00-00, Figure 19 and 25, respectively.
Practicd examplesin the form of Ddtd s lap solice pands were used during the training as well asthe
gpplicable reference standards. Each procedure was demongtrated by following the Boeing 727 NDT
Manua procedure line by line.

On thefind day of training, the LFEC diding probe, internal MFEC, and internal HFEC procedures
were taught. The LFEC diding probe procedure (Boeing 727 NDT Manud, Part 6, Chapter 53-30-
27, Figure 13) was connected to Nationa Instruments acquisition software through the NDT-19
ingrument which will record the scan. The data can then be exported to Excd for further andysis.
Training was performed on the specifics of this operation.

The internal HFEC and internd MFEC ingpections were taught per the Boeing 727 NDT Manud, Part
6, Chapter 51-00-00, Figure 23 and Chapter 53-30-27, Figure 17 using the Hocking Phasec 2200
insrument. Each of these procedures will use the screen freeze command to save the images, but will
not provide the same detail of information asthe Nationd Instruments software. Theinternd HFEC
and MFEC inspections are not conducive to the same data acquistion due to frequent use of liftoff.
Some eectrica noise, believed to be from the probes, prevented full teaching of the internal MFEC at
thistime. Severd practica examples were used to demondrate the procedures including two universa
linksfrom L1011 landing gear. The examples, used during Deltal sNDT Training classes, showed a
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good example of two cracksin aradius which could not be seen with the naked eye, but were readily
detected with HFEC. Lagily, the internal HFEC was performed in the FASTER rig to examine for
cracking in the stringer dlips, frame-to-stringer attachments, and stringer-to-frame attachments. Each
FAA Technicd Center inspector performed the internd HFEC with little difficulty.

POD Plans— Qudlified Ingpectors

It isimportant to point out that these ingpectors will not be "certified and qudified” to any Leve,
induding Leve | -Specid, and the POD of the ingpections conducted with uncertified inspectors may be
worse than a " certified and quaified” inspector with recent experience and training. For this reason
Ddtainspectors will take over the Standard NDT Ingpections after 10,000 cycles of the first test.

However, since the FAA Technical Center ingpectors performed well during the training course, it was
decided to collect data of al the techniques taught. The collection of datawill result in Probability of
Detection (POD) results of the FAA personnel, which will then be compared to industry averages. The
POD for the ingpectorsis predicted to match industry averages.

Déta slap splice panels were | eft at the FAA Technica Center for practice and to accumul ate data for
POD curves. Itisanticipated that the POD data gathered will show that the FAA Technical Center
ingpectors are just as “qudified” as an indugtry ingpector, even without the “ certification”. Thiswill lead
to increase use of the FAA Technica Center ingpectors, and conversely a decreased dependence on
AANC and Ddtainspectors, on future tests. However, due to the time lapse between ingtruction and
actud ingpection, Deltawill send at least one representative during the first Standard NDT ingpections a
2500 cydes of thefirg test and both Delta and Sandia representatives will be present during the initia
Emerging NDT techniques at 10,000 cycles of thefirg test. Additiona on-site assistance could occur,
if requested or deemed needed.

Information was gathered on the MWM, MO, RivetCheck, internd MFEC, and externd LFEC usng
the same pandls. All of these methods were previoudy performed during the Pre- Teardown inspections
in Atlanta, but with different ingpectors. Therefore, this data could also show a difference between
actua ingpectors and ingpectors provided by the vendors, or inventors of the technique. All data will
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eventualy be included in the Ingpection Capability Reports (Task 11) and may be included in the
database.

NDI Equipment
All equipment throughout this program is property of the AANC at Sandia, provided to the FAA

Technica Center on long-term loan. Basic eddy current instruments, reference standards and probes
necessary for the internal MFEC and internal HFEC inspections were ddivered to the FAA-TC from
FAA-AANC during the training course. Emerging NDT equipment such as Rivet Check, MWM, and
MOI are currently owned by FAA-AANC and were dso ddivered during the training course. Instead
of ddivery to AANC at Sandia, the FAA arranged to have the system delivered to the FAA Technica
Center, dthough the system belongsto AANC at Sandia. Additionaly, AANC a Sandia provided
some Nationd Ingruments acquistion software dong with algptop computer on long term loan to
FAA-TC for the duration of the program.

If available, Turbo-MOI and NASA GMR must be borrowed by FAA-AANC. These two ingpection
techniques will only be performed if the equipment can be provided for an extended period of time, for
example abetatest Ste. Otherwise, the Emerging NDT Inspections will condst of MOI, Jentek
MWM, and Rivet Check.

Signa Acaguistion Protocol

Generdly, the Sgnds or screen representations of interest should be captured dectronically for archiving
in the database for future comparisons. However, not al scans should be saved for future use. Scans
or screens which produce rejectable signals must be recorded. Scan or screens with nonrgectable
indications should also be recorded. A nonrgectable indication isasmal indication of aflaw, but
doesn't quite meet the threshold to be argect. Additiondly, al strange sgnas should be documented
and recorded, but only after a thorough andys's has taken place conssting of confirming al instrument
settings and recdibration. Fastener sites with no indications should not be recorded.
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Emerging NDI Evauation

A qudlitative evauation of Emerging NDI techniques through comparison to the Standard NDI
techniques was accomplished during the Pre- Teardown inspection, Field Inspection, and actud in-

service experience. Four categories were created for comparison:

Sengtivity: based on the number of ingpection findings, both rejectable and recordable, and then
correlated with the internal MFEC inspection indications. No POD or fase call datais avalable.

Ease-of-use category: cdibration and use of the software required for an actud NDT inspector to

interpret the results.

Speed of the ingpection: includes the initid scanning rate and the find dataanalyss, if separate from
the ingpection

“Feldability”: portability of the ingpection, as well asthe projected durability to operatein the airline
hangar environment (i.e., wires, connections, “drop-ability”, etc.). Alsoincludes FASTER shear

fixture clearance.
Each NDI technology was rated in each category on ascale from 1-5

5 = Subgtantially Above Current Inspections
4 = Above Current Inspections
3 = Neutral/Same as Current Inspections
2 = Below Current Inspections
1 = Subgtantidly Below Current Ingpections
The evauation score is calculated by summing the ratings for each category, with the Sengtivity rating

counted twice. The maximum evauation scoreis 25 points. Theresultsarein

Table 1, which shows Turbo MOI/MOI, Sdf-Nulling Rotating Eddy Current | (Rivet Check)and I
(GMR), and Eddy Current Array Sensor (MWM) as the technologies selected.
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Table 1: Reaults of Emerging NDI Technology Evauation

Technique/ Sensitivity Speed | Ease-of- | Fieldability Total
\endor (MAX=10) (MAX=5) | use (MAX=5) (MAX=25)
Key: .
5 = Substantially  [Turbo Magneto Optica 8 4 4 5 21
Above Current | maging
Inspections Self-nulling Rotating Eddy 10 2 3 4 19
Current Probe |
4= Iﬁgggiti(;‘;rsre”t Saf-nlling Roteting Eddy 10 > 3 4 19
Current Probelll
3 = Neutral/Same |Magneto Optica Imaging 6 4 4 5 19
2 = Below Current Time-varying Eddy Current 10 1 1 2 14
Inspections ATy Sensor
Pulsed Eddy Current 8 2 2 2 14
1 = Substantially  |Array Eddy Current 6 2 3 3 14
Below Current Eddy Current Rotating C-scan 8 1 2 2 13
Inspections Thru-Transmission Eddy 8 1 3 1 13
Max. Total = 25 curren
points Eddy Current C-scan | 8 2 2 1 13
Eddy Current C-scan Il 6 2 2 3 13
NOTE: Sensitivity |Rotating Eddy Current Probe 6 3 2 2 13
counts twice 11
Ultrasonic System 4 1 2 3 10
Digital Radiography 6 1 1 1 9
IAcoustically Excited Laser 2 1 1 1 5
Vibrometry
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CHAPTER 4: PRE-DEFINED TEST MILESTONES
Within each test Phase, two types of milestones are defined

Hold Point: Hold Points during the test are opportunities to revise the test objectives and procedures
based on the pand’ s performance to that point. Once the Hold Point is reached, testing will stop until
the Deltaand FAA consensus is that the test should continue. A revison to this Test Plan may be

required.

End of Phase Criterion: This criterion defines when the specific test phase is completed and the next

phase should begin. If more than one criterion islisted, then the phase ends at whichever condition

occurs earlier.

Phase 1

End of Phase Criteria

This phase ends when an MSD/MED crack can be measured visually with the Underwater

Remote Camera or three consecutive holes with MFEC indications, whichever occurs earlier.

This criteriaindicates that aMSD/MED condition has evolved to the point where accel erated ingpection
intervas arejudtified. It isexpected that MSD will firgt be evident through multiple MFEC indications
as demonstrated on S-4R during the Pre-Teardown Inspection. However, the “measured visudly”
criterion ensures that available datais collected even if the panel develops alead crack in an otherwise

sparse MSD array.
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Phase 2
Hold Point

Hold the test when two adjacent holes have cracks growing towards each other that can be

measured with the Underwater Remote Camera.

The End of Phase below is based on an assumed distribution of MSD: that the cracks toward the center
of the bay are gnificantly larger than those near the frames and tearstraps. This assumption represents
amore sparse MSD array than the classcd TOGAA scenario of equd length diametric cracks at every

hole.

A dense MSD aray like the TOGAA scenario can fail through ligament yidding at crack lengths less
than 0.3". If the test pand develops adense MSD array, then the End of Phase Criteriamust be
revised. The sparseness of the evolving MSD array will be evduated at this Hold Point.

End of Phase Criteria

The transition to the increased loads of Phase 3 will be done at the end of any of the three
marker blocks. To prevent overshoot of a 1" total length, Phase 2 ends after the first marker

block following 0.9” maximum total length or the first MSD link-up, whichever occurs earlier.

This criteriais based on the 17 tip-to-tip condition as an established conservative estimate of the point
where MSD causes degradation below the aircraft’ s required residua strength. The results of the MSD
propagation smulation show 2,000-2,500 cycles from 0.9 to 1", and 500 - 1,000 cyclesfrom 1" to
ungtable MSD link-up.

Phase 2 ends after amarker cycle to ensure that the point where the applied test loads are increased is
clearly evident on the fracture surfaces. No marker bands are gpplied during Phase 3.

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT



ENGINEERING DEPARTMENT

SHEET 26 | NO.  4-087184-20
TOTAL 37

ISSUEDATE 03/24/04

Phase 3
Hold Point
Hold the test when one tip of a large lead crack reaches a tearstrap.

It is expected that this point is very close to the end of thetest. If flgpping occurs, it condtitutes an
obvious partid failure and the test is practically concluded. However, if the tearstraps arrest the lead
crack but flapping does not occur, the test will continue as long as pressure can be maintained. This

hold point provides an opportunity for Deta/FAA discusson during the last stage of the test.

End of Phase Criteria

The load spectrum should be continued until pressurization can no longer be maintained,

propagating the MSD damage as much as possible to global pandl failure. It isacceptable to end

the test anytime after the damage to the panel is obvious to an external cursory view (i.e., a

walk-around inspection)

Theintent is to continue the fatigue testing for aslong after MSD link-up as practical. Typicdly,
pressurization will not be possible after an obvious partia fallure.
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CHAPTER 5: TEST SPECTRUM DEVELOPMENT

Andyss Hierarchy

Determination of the appropriate test spectrum required a series of finite eement modeing and crack
growth andysis. The object of the analyses was to determine the required stress sate in the test panel
lap joint that produces equivalent MSD crack growth to that seenin service. A flow chart of FEA
hierarchy isshownin Figure 7.

Thetechnica details of these analyses are discussed fully in the Data Andlysis Report (4-087051-20).
In summary, the andlys's sequenceis asfollows:

1) For the forward fusdlage, use Globa Stiffness Mode to determine load distribution. The Global
SiffnessModd Shell is420” long, from FS 440 to FS 740. The fuselage pressure boundary is
represented with shell dements. The fusdage frames, stringers, frame-stringer clips, intercogtad's, and
cargo door sills are represented with offset beam eements.

2) Use Intermediate Stiffness Modd to determine the stress state in the test pand area. In thismodd,
the fusdage skin, frames, and stringers are represented by shell dements.

3) Find the test spectrum

a) Usethe Crack Growth Equivalency Analysisto determine asmple test spectrum that produces
MSD growth equivaent to the complex service spectrum. The Equivalency Andys's assumes an
infinite array of diametric crack holes, and includes cycle-by-cycle andyses for three potentia test
spectra compared to a basdine service spectrum. The Equivaency Andysis has two
components; circumferentia crack equivaency is used to determine an equivalent load factor,
while longitudind crack equivalency is used to determine the equivaent pressure factor.

b) Iterate the applied loads on the Test Pand Stiffness Mode so that stress state at S-4 under the
test gpectrum is equivadent that in the Intermediate Stiffness Mode during the service spectrum.
The Test Pand Modd issmilar to the Intermediate Model except it has load points and kinematic
boundary conditions that represent the FASTER fixture.
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4) Predict the test results

a) UseHaf Bay Shell Modd to find detailed stress didtribution throughout the S-4 joint. This FEA
mode! is adetailed representation of S-4 that includes three circumferentia bays and one half of a
longitudind bay, with al mgor sructura details modded as shdls. The fastenersin S-4 were
individually modded as cylindrica shells that connect the upper skin to the lower skin or the
stringer to the lower skin. This modd contains more than 100,000 degrees of freedom.

b) Usethe dress sate results from the Half Bay Shell Modd in the MSD Propagation Smulétion to
make pre-test predictions of test duration and resdud strength. This LEFM smulation uses
edtablished gressintendity factors and growth rate equations to forecast test performance within

upper and lower bounds.
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Test ra

For the forward fusdage (FT1 — FT3), the fatigue spectrum during Phase 1 and Phase 2 will be
Congtant Amplitude of (DP+0.3) psi +1.25g, with stressratio at 0.1. For FT4, an additiona
component based on 10% limit fin gust is added. These spectra were based on the following

consderations.

The norma operating pressure DP for the 727 is 8.6 psi. The 0.3 ps increase in cabin pressure is
included in the test spectrum to baance the crack growth rate in response to the 0.1 stressratio.

Characterization of the fracture surfaces has not reveded evidence of sgnificant variable-amplitude
effects.

Any spectra other than congtant amplitude introduces sgnificant complexity to the conduct of the
FASTER tests and to the subsequent validation of andyss methods using the test results.

Assuming lap splice MSD is the dominant damage type a the end of Phase 2, the resdud strength
gpectrum during Phase 3 will be Constant Amplitude 1.15*(DP + 0.3 ps aero) +1.0g condition, with a
0.1 dressratio.

Actuator Loads

The totd |oads to be applied on the hoop and longitudina edges are outlined in the Data Andysis
report. Load at each actuator is determined by dividing the total edge load by the number of actuators
per Sde. The FASTER facility provides 6 frame, 7 skin hoop and 4 skin axid load control points, so
dividing the total load evenly among the actuators leads to the vaues for the fatigue and limit load test
conditions contained in the individud test plans.
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CHAPTER 6: PRE-TEST PREDICTIONS

Uncertainty in the test pandls  current damage state necessitates that a bounding approach be used for
pre-test predictions. Analyss supporting this prediction uses LEFM methods with established DK and
growth rate solutions, with stresses from geometricaly non-lineer FEA. The smulation methodology is
discussed in detall in the Data Andlysis report.

This pre-test prediction was initidly developed for the FT2 and FT1 test pandls, and the results are
generdly vdid for FT3 and FT4 aswell. The uncertainty in thetest panels damage state overshadows
the other differences between pands, such as FT3' sthicker skin gauge. Thelap joint geometry is
amilar between dl pands, with hoop stress from pressurization as the dominant fatigue stress. The pre-
test predictions may be revised for the later panels based on experience gained during the firs FASTER
tests.

Phase 1 And Phase 2

During Phase 1 And Phase 2, the test pand isloaded smilar to conditions seen in mainline service. The
amulation beginswith 0.0005” crack on both Sdes of every hole. Thisinitid flaw Sze was chosen to be
asamdl as possble, but till produce a DK above the growth threshold.

Cracks grow rdlatively dowly during Phases 1 and 2, so severd steps were taken to increase

computation efficiency:
The amulation step Szeis st to 1000 cycles.
Theinteraction b-factor islinearly interpolated from vauesin b (ay,a) table lookup.

The adjacent crack length & is average vaue over the smulation step, assuming a congtant growth
rate.

The predicted Length of Phase 1 depends highly on the assumed initid state. The NDI ingpections to
date have not provided a definitive damage state, in that there have been no NDI indications to date on

any of the pandis.
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Internal HFEC of every hole during the during Field Inspection and Pre- Teardown Inspections had
a90% POD at 0.090” (0.050” + 0.040” tail shadow).

BHEC of lower row in edge bays of each panel during modification had a 90% POD at 0.050".

The bounds of the pre-test predicts are based on differing assumptions of initid damage state and MSD
propagation. The crack growth curves used for these predictions are shown in Figure 8.

1) Lower Bound predictions are based on an infinite array of thru-cracks (TOGAA scenario)
a) Assumes.090" cracks at center hole at start of Phase 1
b) Phase 1 ends at first inspection at 2,500 cycles
c) Phase 2 garts at seconds ingpection (assumes cracks were missed during first), ends at yield of
infinite series
2) Forecast predictions are based on the crack growth smulation
a) Assumes.040” cracks at center hole at start of Phase 1
b) Phase 1 ends at 0.140" center hole, based on estimated Remote Camera Detectability
c) Phae2 endsat 1” tip-to-tip
3) Upper Bound predictions are based on asingle lead crack
a) Assumes.015” crack at center hole at start of Phase 1
b) Phase 1 endsat 0.3”, based on estimated Remote Camera Detectability

c) Phase2 endsat 1" hole-to-tip (0.844”)
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Phase 1 Duration

Lower Bound - 2,500 cycles
Forecast — 13,000 cycles
Upper Bound - 50,000 cycles

Phase 2 Duration

Lower Bound - 6,000 cycles
Forecast - 17,000 cycles

Upper Bound - 34,000 cycles

FS 680 Buitt Joint Andyss

An andyssfor MSD growth in the FS 680 butt joint was aso conducted. This analyss assumes the
TOGAA thru crack scenario, and is compared with the smilar 1ap splice andyssin Figure 9. The
concluson of this consarvative andlyssis that the FS 680 butt joint is sgnificantly less critical for MSD
than the lap joint lower row. However, the critical fastenersin the FS 680 butt joint will ill receive
NDI ingpections during FASTER testing.
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Phase 3

During Phase 3, the test loads are increased to be equivalent to a 1.15 DP + 1g condition based on the
14 CFR 25.571 and JAR 25.571 requirement. The Phase 3 smulation uses the same smulation tool,
except the numerica andydsistightened to maintain precison with the rapidly growing MSD date:

The smulation step sizeis reduced to 100 cyclesor less
Theinteraction b-factor is calculated explicitly usng Smpson’'sRule

The smulaion continues until the Link-Up Margin of Safety equas zero, where

Thelink-up stressis determined by Ingram[ 5] tuned plastic zone touch criteria. At link-up, the crack
length is s&t to the sum of the link-cracks, and the smulation continues. The smulation stops when the
SIF of anewly linked crack is greater than K, indicating an unstable fracture condition.

The duration of Phase 3 is highly dependent on the assumed crack array. Two Phase 3 smulations
were conducted: the continued propagation of the Phase 2 smulation array, and aless conservative
smulation with shortened (0.150”) cracks opposing the lead crack. The duration predictions are based
on plot comparing those two smulations shown in Figure 10:

Infinite array TOGAA scenario has no Phase 3

The Lower End prediction is factored down 50% from the Phase 2 array
The Forecast is factored up 200% from the Phase 2 array

Upper End prediction is rounded up from shortened opposing cracks array.

For either scenario, Phase 3 ends shortly after the first MSD link-up.
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Phase 3 Duration

Lower End - 200 cycles
Forecast - 1,000 cycles

Upper End - 5,000 cycles
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Figure 8: Phase 1 and 2 Crack Growth Curves
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Figure 10: Phase 3 Smulaion Results
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